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Abstract
Skirted foundations are used in offshore applications to resist the large horizontal and moment
loads that are characteristic of the ocean environment. The combination of vertical-horizontal-
moment (VHM) loading results in complicated stress conditions in the seabed and design is
often based on VHM failure envelopes. These have generally been constructed by numerical
analysis using a deterministic characterisation of soil properties and disregard the natural spa-
tial variability of marine sediments. In this study, spatial variability is taken into account by
coupling a random field model with finite element analysis. The paper presents a probabilistic
analysis of the ultimate capacity of skirted foundations in spatially variable undrained clay. The
increase of strength with depth typical of a marine clay is included in the modelling framework.
Probabilistic failure envelopes are constructed to analyse the effect of spatial variability when
skirted foundations are subjected to different combinations of VHM loading. The results show
that the probability of failure increases under high vertical loads and at peak moment capacity
in the HM plane, suggesting that care should be taken in design at these areas of the failure
envelope. The methodology demonstrates a straightforward and effective way of quantifying
uncertainty in the ultimate limit state design of offshore geotechnical structures and the results
presented provide specific guidance for the design of skirted foundations.
Keywords: Offshore geotechnics, skirted foundation, failure envelopes, spatial variability,
finite element analysis
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1 INTRODUCTION
1. Introduction1
In offshore applications, shallow foundations are often equipped with peripheral vertical2
skirts which penetrate into the seabed. The skirts improve the ability of the foundation to resist3
the large horizontal and moment loads that are imposed by environmental factors such as wind4
and waves. In undrained conditions, capacity may be enhanced by the development of suction5
within the enclosed soil plug which provides short term tensile resistance [11].6
The interaction of vertical-horizontal-moment (VHM) loading, shown in Fig. 1, is a critical7
design issue. It has been shown that classical bearing capacity solutions are inadequate for8
describing the capacity of foundations in complex soil conditions subject to combined VHM9
loading, and often lead to under prediction of capacity [28, 14]. A far more versatile approach10
to assessing the ultimate limit state is to construct failure envelopes in VHM load space and11
compare design loads to those which would lead to failure of the foundation [27].12
Numerical investigations of the shape of the undrained VHM failure envelope for skirted13
foundations with various embedment ratios and in uniform and normally consolidated clays14
have been undertaken by Yun and Bransby [7] and Gourvenec and Barnett [13]. These studies15
have considered the soil to be described by deterministic parameters following a defined trend.16
However, due to complex physical and chemical formation processes, soil is inherently a highly17
variable material and the values of engineering parameters can be observed to fluctuate through18
the soil mass [22]. Spatial variability is difficult to characterise in a deterministic model as19
knowledge of ground conditions is limited by constraints on site investigations, a particular fac-20
tor offshore. Dealing with uncertainty is therefore a central component of geotechnical design.21
Probabilistic studies using random fields to represent soil parameters have shown that spatial22
variability can affect both the failure mechanism and bearing capacity of surface footings [15,23
25, 1]. VHM failure envelopes for a surface footing on spatially variable clay have also been24
constructed by Cassidy et al. [8]. Footing embedment has been considered in a recent study25
by Pieczyn´ska-Kozłowska et al. [23] of bearing capacity on a spatially variable drained soil.26
However, for skirted foundations the relatively low embedment ratio, defined by the ratio D/B as27
shown in Fig. 1, means that the soil plug must be taken into account in the determination of the28
VHM failure envelope and substitution of a solid embedded foundation at the same depth may29
be inappropriate [7]. In addition, marine clays are characterised by an increasing strength with30
depth [27], the gradient of which can significantly influence footing behaviour [14]. In general,31
previous probabilistic investigations of surface footings have considered a uniform soil mass32
with strength constant with depth, which may not be applicable in the offshore environment.33
2
2 COMPUTATIONAL FRAMEWORK
In this paper, the ultimate capacity of skirted foundations in spatially variable undrained34
clay is assessed under both uniaxial loading and combinations of VHM loads. Probabilistic35
failure envelopes are constructed to illustrate the effect of combined loading on the probability36
distribution of bearing capacity under different load combinations. The probabilistic envelopes37
are based upon cumulative distribution functions (CDFs), and enable a better understanding38
of the level of risk associated with this appealing design methodology. In addition, this study39
incorporates the increase of strength with depth that is typical of marine clays and an important40
consideration in offshore applications.41
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Figure 1: VHM loading of a skirted foundation.
2. Computational framework42
The effect of spatial variability on the undrained VHM capacity of skirted foundations is43
assessed by coupling a random field model with finite element (FE) analysis. Monte Carlo44
simulation is used to characterise the stochastic response, i.e. the probability density function45
(PDF) of ultimate capacity. The implementation is non-intrusive, meaning the FE code is not46
modified and proceeds in the usual deterministic manner. In each simulation, a random field is47
generated and passed to the FE solver, where the VHM capacity is obtained.48
2.1. Simulation of spatial variability49
The undrained shear strength, su, is generally used to determine bearing capacity in undrained50
conditions. A correlated random field of su will therefore be considered in order to simulate the51
spatial variability that would likely occur in the field.52
Marine sediments are often normally consolidated and exhibit an increasing strength with53
depth. This creates an additional challenge for simulating spatial variability as the random field54
can no longer be homogeneous, whereby the joint PDF of the random field is constant across55
the domain [29]. An assumption of homogeneity greatly simplifies the treatment of random56
fields; in the case of a Gaussian random field, only the mean and variance are needed to define57
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the entire field. However, the undrained shear strength may be related to the overconsolidation58
ratio (OCR) and effective vertical stress, σ ′v, as follows [30]:59
su
σ ′v
= rOCRm (1)
where r and m are constants. In a normally consolidated marine clay, OCR is equal to 1. If a60
limited mudline strength, su,m, is accounted for, the profile of su increasing with depth may be61
expressed as:62
su = rσ
′
v + su,m = rγ ′z+ su,m (2)
where z is the depth below the mudline and γ ′ the effective unit weight of the clay. Spatial63
variability may therefore be taken into account by considering r as a homogeneous random64
field [19]. Here, both γ ′ and su,m are taken as deterministic quantities.65
The mean (µsu ) and standard deviation (σsu) of su are:66
µsu = su,m + γ ′zµr (3)
σsu = γ ′zσr (4)
where µr and σr are the mean and standard deviation of r, respectively. Both µsu and σsu are67
dependent upon the vertical effective stress. The increase in variability of su with depth has68
been observed by Lumb [20] in a normally consolidated marine clay and so can be considered69
to represent a typical offshore scenario.70
It is clear that su should not be a negative value and a Gaussian distribution would therefore71
be unsuitable for r. A lognormal distribution takes only positive values, making it an appro-72
priate choice. If x denotes spatial position, the lognormal random fields r(x) and su(x) can be73
generated by:74
r(x) = exp
[
µL,r +σL,rG(x)
] (5)
su(x) = su,m + γ ′zr(x) (6)
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where G(x) is a standard homogeneous Gaussian random field of zero mean and unit variance75
and µL,r and σL,r are, respectively, the mean and standard deviation of ln(r).76
The standard Gaussian random field G(x) is generated using the Karhunen-Loeve (KL) ex-77
pansion. Keaveny et al. [17] analysed the correlation structure of su at several offshore sites and78
found that an exponential autocorrelation function can provide a suitable fit. This is convenient79
from a numerical perspective as analytical solutions of the KL eigenvalue problem are available80
for this type of autocorrelation function [10]. Here, an anisotropic exponential autocorrelation81
function is used. The autocorrelation distances in x- and y-directions (Lx,Ly) of the transformed82
field su(x) are comparable to those of r(x) [31]. The values of Lx and Ly of ln(r) are taken to be83
10m (2.5×B) and 1m (0.25×B) respectively, consistent with reported values in literature [e.g.84
18, 22].85
The random field is discretised on a rectangular grid, referred to as the stochastic mesh,86
which is separate from the FE mesh but defined on the same geometry. The coupling between87
the random field and FE model is achieved by interpolating the values of the random field on88
the stochastic mesh to the Gauss points of the FE mesh using shape functions. Note that this89
means that while su,m is deterministic when generating the random field, in the finite element90
model the mudline strength will be random due to interpolation from the stochastic mesh.91
2.2. Finite element model92
The deterministic simulations are carried out using the commercial FE code Plaxis 2D [24].93
A range of embedment ratios between 0 and 1 were considered in order to observe the effect94
of skirt length on the ultimate capacity of the foundation. Plane strain analysis was used to95
minimise computation time and allow comparison with previous FE studies. It has also been96
found that the VHM failure envelope of plane strain and circular surface footings is very similar97
[11], but further investigation would be required to generalise the results presented here.98
The clay is assumed to be undrained and obeys a linear elastic-perfectly plastic Mohr-Coulomb99
constitutive law, which is equivalent to the Tresca criterion in undrained conditions. In the100
deterministic case the undrained shear strength of the clay increases with depth according to101
su = su,m+kz where k is the increase in su per metre depth. A dimensionless parameter, κ , may102
be used to describe the degree of heterogeneity with κ = kB/su,m [13]. A value of κ = 2 was103
chosen, which corresponds to a fairly typical heterogeneity observed for offshore sediments104
[e.g. 2]. The effective unit weight is taken as 10kN/m3. In the stochastic case, the mean of su105
is derived from µr = k/γ ′ and the coefficient of variation (COV) of r is chosen to be 0.2 based106
on values of the variability of su reported in Lacasse and Nadim [18]. It should be noted that107
5
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COVsu increases towards COVr with depth as, following Li et al., [19], the quantities are related108
by:109
COVsu =
COVrµrγ ′
µrγ ′+ su,m/z
(7)
A typical FE mesh, consisting of 15-node triangular elements, is shown in Fig. 2 for an110
embedment ratio of 0.25; a similar level of mesh refinement was used for all embedment ratios.111
The model boundaries are located sufficiently distant to have no effect on the results. Due112
to the large number of simulations that must be completed, a balance must be found between113
calculation time and solution accuracy with regards to mesh discretisation. For the example114
case with D/B = 0.25, a mesh of 666 elements was found to overestimate uniaxial capacity by115
no more than 2.5% compared with a mesh of over 2700 elements; this was viewed as acceptable116
keeping in mind the savings in calculation time.117
The skirted foundation is modelled using rigid plate elements. Interfaces are applied along118
the vertical skirt with extensions beyond the skirt tip to avoid unrealistic stress concentrations.119
It is assumed that suction is generated in the clay plug during loading, thus no reduction in120
strength is considered between the foundation and soil. Installation effects on the outside wall121
of the skirt are also neglected.122
A load-controlled method is used to define the VHM envelopes. Load probes at different123
angles, corresponding to fixed ratios of VH, VM and HM loads, are applied at the load reference124
point (defined in Fig. 1) until failure. The load probes are regularly spaced at 15o increments,125
as shown in Fig. 3. The failure envelope is subsequently constructed from the defined failure126
points. Note that in certain cases additional load probes were used to capture significant points127
on the envelope.128
3. Results and discussion129
The increase of su with depth is illustrated in Fig. 4. The deterministic profile of su corre-130
sponds to the mean of the stochastic cases. Three realisations of a vertical cross section from131
different random fields are shown and the increase in variability of su at greater depths can be132
clearly observed. An example of a random field is shown in Fig. 5. The autocorrelation distance133
in the x-direction is an order of magnitude greater than in the y-direction, resulting in horizontal134
bands of stronger and weaker soil.135
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Figure 2: Typical finite element mesh (D/B = 0.25).
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Figure 3: Load probes used to define VHM failure envelopes.
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Figure 4: Increase of su with depth, showing the deterministic profile and 3 stochastic cases.
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Figure 5: Realisation of a random field of su.
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3.1. Uniaxial capacity136
As a reference case, 1000 Monte Carlo simulations were used to determine the stochastic137
response of a skirted foundation with an embedment ratio of 0.25. Fig. 6 shows the evolution138
of the mean and COV of the uniaxial capacities, denoted V0, H0 and M0 and referring to pure139
vertical, horizontal and moment loading respectively, throughout the Monte Carlo simulations.140
The mean is normalised by the respective uniaxial deterministic capacities to facilitate compar-141
ison (i.e. µ = µQ/QDet if Q is the ultimate capacity for a given load probe). It can be seen that142
both statistics converge to an approximately constant value. Similar convergence was observed143
for higher moments (skewness and kurtosis), indicating that the response PDF of each load144
probe has been well captured. In view of this convergence and the computational time involved,145
which could be over an hour for one simulation of D/B=1 for example, 500 simulations were146
used to characterise the stochastic response for other embedment ratios.147
The results of the uniaxial loading cases from stochastic and deterministic analyses are pre-148
sented in Table 1. Results are given in terms of dimensionless capacity factors defined by:149
Nc,V = V/Bsu,tip, Nc,H = H/Bsu,tip, and Nc,M = M/B2su,tip . For comparison purposes, the refer-150
ence value of undrained shear strength, su,tip, is taken at skirt tip level. In the stochastic case this151
corresponds to the prescribed mean value of su at that depth, which is equal to the deterministic152
value. Confidence intervals are constructed by bootstrap resampling [9]; 10,000 samples with153
replacement were drawn from the observations and a 95% confidence interval estimated from154
the empirical distribution.155
Firstly, it can be seen that the deterministic FE analysis in this study predicts bearing capacity156
factors 5-10% less than those reported by Gourvenec and Barnett [13]. The horizontal capacity157
factor for a surface footing, the case where no vertical skirts are present and the embedment158
ratio is 0, is independent of the shear strength heterogeneity, described by κ , and should theo-159
retically be equal to 1 if failure occurs by sliding. The overestimate in the current FE analysis160
is approximately 7%, which may be attributed to the level of mesh refinement.161
The mean of each uniaxial capacity factor tends to be very similar to the corresponding162
deterministic value, differing by no more than ± 3% for all loads and embedment ratios. The163
statistics are closely bracketed by the 95% confidence intervals, indicating the certainty that164
may be placed in the reported results.165
The effect of embedment ratio on the COV of the uniaxial capacity factors is shown in Fig.166
7. Examples of the failure mechanisms under uniaxial loading for 3 different random field167
realisations, with D/B = 0, 0.5 and 1, are presented in Fig. 8. For a surface footing the gov-168
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Figure 6: (a) Normalised mean of uniaxial capacities and (b) COV of uniaxial capacities as a function of the
number of Monte Carlo simulations for D/B = 0.25.
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Table 1: Stochastic and deterministic uniaxial capacity factors. For stochastic analyses, 95% confidence intervals (CI) of mean (µ) and standard deviation (σ ) are shown.
(∗Approximate values from Fig. 3 in Gourvenec and Barnett [13])
D/B Capacity µ 95% CI σ 95% CI COV Deterministic Gourvenec and
factor Barnett [13]∗
V0/Bsu,tip 7.689 (7.666,7.713) 0.272 (0.254,0.295) 0.035 7.677 8.06
0 H0/Bsu,tip 1.072 (1.072,1.073) 0.005 (0.005,0.005) 0.005 1.074 1.07
M0/B2su,tip 1.008 (1.004,1.012) 0.045 (0.042,0.049) 0.044 1.009 1.04
V0/Bsu,tip 8.464 (8.502,8.550) 0.457 (0.374,0.410) 0.054 8.591 9.02
0.25 H0/Bsu,tip 2.052 (2.046,2.054) 0.069 (0.061,0.067) 0.031 2.051 2.15
M0/B2su,tip 1.033 (1.031,1.036) 0.047 (0.038,0.041) 0.046 1.035 1.14
V0/Bsu,tip 8.790 (8.744,8.834) 0.518 (0.488,0.549) 0.059 8.980 9.35
0.50 H0/Bsu,tip 2.530 (2.522,2.539) 0.098 (0.093,0.105) 0.039 2.509 2.70
M0/B2su,tip 1.211 (1.206,1.216) 0.056 (0.053,0.060) 0.046 1.176 1.30
V0/Bsu,tip 9.389 (9.340,9.438) 0.554 (0.520,0.597) 0.059 9.589 9.90
1 M0/Bsu,tip 2.742 (2.731,2.753) 0.125 (0.118,0.134) 0.046 2.746 3.37
M0/B2su,tip 1.927 (1.916,1.938) 0.126 (0.119,0.135) 0.065 1.922 2.02
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erning failure mechanism under pure horizontal loading is sliding, as evident in Fig. 8(a). The169
undrained shear strength at the mudline therefore determines the ultimate capacity, resulting in170
a very low COV of 0.005 as the values of su at the Gauss points closest to the surface show little171
variability.172
For both horizontal and vertical loading, the variability of the response increases considerably173
once vertical skirts are added to the foundation. Recalling that the standard deviation of su174
increases with depth, this is due to the skirts transferring the failure mechanism into deeper, and175
consequently more variable soil. However, the rate of increase in COV reduces as skirt length176
is increased from D/B = 0.25 to 1. Under vertical loading, there is in fact no change in COV177
between an embedment ratio of 0.5 and 1. From Figs. 8(b) and (c) it can be seen that the mode178
of failure is the same in the two cases. It might be expected that the deeper mechanism for D/B179
= 1 would lead to a higher COV, but the longer shear planes appear to have a spatial averaging180
effect on the response, reducing the influence of individual zones of stronger and weaker clay.181
The COV of the ultimate capacity, under any combination of loads, is a result of the combined182
influence of spatial variability and the form of the failure mechanism.183
Under horizontal loading the shear planes do not extend below the skirt tips, except in the184
case of D/B = 1, shown in Fig. 8(c), where a limited rotational shear plane develops between185
the skirt tips. In general, a deeper mechanism forms under vertical loading. In the deterministic186
case the shear planes on either side of the foundation are equal in length but the spatial variation187
of su causes an asymmetric mechanism, which is clearly visible in Fig. 8. This results in higher188
values of COV across all embedment ratios for vertical loading.189
Subjected to a pure moment, the variability of the ultimate capacity is relatively consistent190
from D/B = 0 to 0.5, with a COV of approximately 0.045. This is in contrast to the clear191
increase in COV observed under vertical and horizontal loading when skirts are added to the192
foundation. Instead, in the case of a moment load an increase in variability is observed when193
the embedment ratio is greater than 0.5, with COV equal to 0.065 at D/B = 1. Again, this can194
be related to the failure mechanism. Figs. 8(a) and (b) show that for D/B ≤ 0.5, the centre of195
rotation of the foundation is located at or above the load reference point and so forms a similar196
‘scoop’ mechanism [6] in each case. However, as demonstrated in Fig. 8(c), when D/B = 1 the197
centre of rotation is located beneath the load reference point, at a depth approximately equal198
to half the skirt length. This ‘scoop-slide’ mechanism, identified by Yun and Bransby [32], is199
deeper and leads to a more variable response.200
A description of the stochastic response of skirted foundations in terms of second order statis-201
tics is useful to identify differences in variability under different loading scenarios. However,202
12
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Figure 7: COV for uniaxial capacity factors at different embedment ratios.
Figure 8: Vectors of incremental displacement at failure under uniaxial loading for (a) D/B = 0, (b) D/B = 0.5 and
(c) D/B =1; (a) - (c) correspond to different random field realisations.
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for design purposes the full range of the response is of interest. The coupled random field-FE203
methodology implemented in this study allows samples to be drawn from the unknown PDF204
of the ultimate capacity. The CDF can then be used to obtain probabilistic capacity factors,205
Nc,p, that correspond to a given probability, p, that the actual bearing capacity of the foundation206
will be less than or equal to Nc,p. With the CDF of the capacity factor denoted by FNc , Nc,p is207
obtained by:208
p = FNc(Nc,p) = P(Nc ≤ Nc,p) (8)
Nc,p = F−1Nc (p) (9)
Inverting the CDF to obtain a unique value, as required by Eq. 9, is only possible if F209
is a strictly increasing function. This is not satisfied by the empirical CDF. Particularly at210
the tails of the distribution, which are likely to be of practical interest, the sparse number of211
samples result in a coarse approximation of the underlying ‘true’ distribution. This is a well-212
known drawback of Monte Carlo simulation and, although outside the scope of this study, more213
advanced methods such as subset simulation [3] or polynomial chaos expansions [4] could be214
applied. Here, kernel density estimation (KDE) is used to produce a smooth function that can215
be easily inverted and can better approximate the tails of the distribution, as evident in Fig. 9.216
A non-parametric technique is applied to avoid the need to assume a certain form of probability217
distribution, which is useful when considering the whole series of load probes. The robust and218
optimal KDE method proposed by Botev et al. [5] is used to estimate the CDF. As no closed-219
form expression is available, values of the CDF are evaluated on a fine grid (at 4096 points) and220
interpolation used to solve Eq. (9).221
Fig. 10 shows the probabilistic bearing capacity factors as a function of embedment ratio.222
As the probabilistic factors are defined by inverting the CDF, the interpretation is clear. For223
example, the 1% probabilistic capacity factor, Nc,1, is defined as being the bearing capacity224
factor at which there is a probability of 1% that the random variable Nc, the actual bearing225
capacity factor, will be less than or equal to Nc,1, i.e. P(Nc ≤ Nc,1) = 0.01. The figure shows226
that the distribution of the vertical bearing capacity factor has the greatest spread, a result of227
the relatively larger standard deviation. However, it is notable that despite Nc,V having the same228
COV at D/B = 0.5 and 1, the tail of the distribution, (represented by Nc,0.1) is more extreme at229
the deeper embedment ratio relative to the position of the median (Nc,50).230
For each loading scenario, the deterministic capacity factor (Nc,det) is close to, or above,231
14
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Nc,50. There is consequently a probability of 50% or greater that the ultimate capacity of the232
foundation will be less than that predicted by a deterministic analysis; this is often referred to233
as the probability of failure Pf = P(Nc ≤ Nc,det) (e.g. Griffiths and Fenton [15]. The ISO design234
code for offshore structures [16] takes a classical bearing capacity approach to the ultimate235
limit state and recommends applying a partial factor of safety, FS, of 1.25 to the undrained236
shear strength. If this factor of safety is lumped into the bearing capacity factor, such that237
Nc,FS = Nc,det/FS, it can be seen that the probability of failure with respect to Nc,FS, denoted238
Pf ,FS, is less than 0.1% (= 10−3). The only exception is under vertical loading, where Pf ,FS239
marginally exceeds 10−3 at D/B = 1. This suggests that the current factor of safety is likely to240
be sufficient to account for the spatial variability of su in this scenario.241
H0/Bsu,tip
1.85 1.9 1.95 2 2.05 2.1 2.15 2.2
F(
H 0
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s u
,ti
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Figure 9: CDF of horizontal bearing capacity factor (D/B = 0.25).
3.2. Probabilistic VHM failure envelopes242
The failure envelopes from each Monte Carlo simulation for the reference case (D/B = 0.25)243
are shown in Fig. 11, in addition to the deterministic envelopes. Consideration of the spatial244
variability of su has the potential to result in significant divergence of the failure envelope from245
the deterministic solution. It is also apparent that the variability is not constant around the246
failure envelope and so cannot be characterised from the uniaxial capacities alone. For the VH247
and VM envelopes, the stochastic capacity can vary up to ± 20% of the deterministic. In the248
HM plane, the probability distribution of the response is irregular. There is greater variability249
15
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Figure 10: Probabilistic and deterministic uniaxial capacity factors for vertical, horizontal and moment loading.
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for combinations of negative horizontal load and moment than for positive horizontal loads, and250
the greatest spread of potential capacity occurs at peak moment capacity.251
While it is clear from Fig. 11 that consideration of spatial variability has the potential to252
affect the size and shape of the failure envelopes, it would be useful to quantify this variabil-253
ity in capacity in order assess the effect of spatial variability on the failure envelope design254
method. This can be achieved using the same method as for the uniaxial capacities. In order255
to construct probabilistic failure envelopes, first recall that the Monte Carlo procedure to define256
the envelopes used a series of n load probes of fixed direction. The ultimate capacity in each257
direction is a random variable. Then, if Nc is the collection of random variables Nic that define258
the VHM envelopes, with i = 1, . . . ,n, the probabilistic failure envelope corresponding to the259
probability p is denoted Nc,p and can be constructed componentwise as before:260
Nic,p = F−1Nic (p) (10)
where FNic is the CDF of the ith load probe. The envelopes are constructed using KDE, as261
discussed previously, in order to obtain an invertible CDF. Cassidy et al. [8] constructed proba-262
bilistic failure envelopes using an empirical estimate of the probability of occurrence of a group263
of failure points based upon the distance from the origin. The approach followed here may pro-264
duce a more accurate probabilistic failure envelope since, as evident in Fig. 11, the probability265
distribution of the capacity is not constant and so the shape of the CDF can change around the266
envelope.267
Figs. 12 to 15 show the probabilistic failure envelopes for embedment ratios 0, 0.25, 0.5268
and 1. Similar to the uniaxial capacities, in each case the Nc,50 envelope is very close to the269
deterministic (Pf ≈ 0.5). A consideration of the spatial variability of su in the failure envelope270
design process is therefore important. An appropriate factor of safety should be used to account271
for the uncertainty in su; here, the same factor of safety (FS = 1.25) is applied as for the uniaxial272
capacities in order to observe how load interaction affects the probability of failure.273
As shown in Fig. 12, for a surface footing there is little difference between the probabilistic274
and deterministic envelopes when loading is dominated by a horizontal force. As discussed275
previously, this is a result of the assumptions made about the increase of su with depth and276
the shallow sliding mechanism that governs failure in this loading scenario. Significantly more277
variability occurs in the VM and HM planes, evident by the divergence of the probabilistic278
and deterministic envelopes. In the HM plane, there is a good fit between the deterministic279
envelope from the FE analysis in this study and that undertaken by Gourvenec and Barnett [13].280
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Figure 11: Stochastic and deterministic VHM failure envelopes.
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In this plane, under positive horizontal load the probabilistic envelopes begin to diverge from the281
deterministic when the spatial variability of the soil influences the transition from pure sliding,282
visible as a vertical section of the envelope, to a rotational failure mechanism. Notice that283
initially this only affects the 0.1% and 1% envelopes, suggesting a reduction in capacity from a284
pure sliding mechanism with certain spatial distributions of undrained shear strength. The peak285
moment capacity shows a high variability due to the predominately rotational mechanism.286
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Figure 12: Probabilistic VHM failure envelopes for D/B = 0.
When vertical skirts are added to the foundation, the failure envelope in the HM plane be-287
comes increasingly eccentric. This has been observed by many researchers, for example Gour-288
venec and Barnett [13] and, for the analogous case of embedded foundations, by Yun and289
Bransby [32], Gourvenec[12] and Bransby and Yun [7]. The choice of load reference point290
in this study, at the centre of the foundation for all embedment ratios, results in the eccentricity291
of the envelope reversing direction from a rightwards ‘lean’ at D/B = 0 (Fig. 12) to a leftwards292
‘lean’ for footings with vertical skirts (Figs. 13 to 15). The response of the foundation is most293
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variable close to the peak moment capacity. This is particularly evident in Fig. 15 for D/B =294
1, where the 1% and 99% envelopes at peak moment capacity are ± 15% of the determinis-295
tic. It can also be seen that the probability of failure, PFSf increases at peak moment capacity,296
approaching the Nc,0.1 envelope.297
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Figure 13: Probabilistic VHM failure envelopes for D/B = 0.25.
For embedment ratios greater than 0, the variability around the envelope is more consistent298
in the VM and VH planes than the HM plane. This is likely due to the fact that the transition299
between failure mechanisms is more straightforward. However, PFSf can be seen to approach300
10−3 with increasing vertical load and actually exceeds the Nc,0.1 envelope at D/B = 1. The301
vertical load component therefore has a critical influence on the probability of failure in a clay302
of increasing strength with depth.303
The probabilistic failure envelopes offer a simple quantification of the uncertainty in ulti-304
mate capacity resulting from the natural spatial variability of a clay deposit. It is important to305
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note that the failure envelopes presented in this paper are applicable only to the soil conditions306
considered, which were chosen to be typical of an offshore scenario. Changes in either the de-307
terministic soil properties or statistical characterisation of the soil, for example autocorrelation308
distance or COV, would alter the size and shape of the envelopes.309
If a higher value of COVsu was considered, it is likely that the distance between the extreme310
envelopes, e.g. Nc,1 and Nc,99, would increase and lead to a greater probability of failure.311
Widening of the probabilistic envelopes under increasing COV was observed by Cassidy et al.312
[8] for strip footings under combined loading. Results from probabilistic studies of the vertical313
bearing capacity of strip footings have suggested that the vertical autocorrelation distance has314
more effect on the tails of the distribution than the horizontal distance [1]. A longer autocor-315
relation in the vertical direction would therefore be expected to have a similar effect on the316
probabilistic failure envelopes as an increase in COV. This emphasises the need to adequately317
characterise the statistical properties of the soil before using probabilistic methods in design.318
However, the observations made in this study regarding potential ‘at-risk’ areas of the failure319
envelope remain valid.320
4. Conclusion321
A probabilistic study of the ultimate capacity of skirted foundations in a spatially variable322
undrained clay has been carried out. The increase in undrained shear strength with depth com-323
monly observed in marine clays was taken into account by a transformation of a homogeneous324
random field. Monte Carlo simulations employing an unmodified FE code were used to char-325
acterise the stochastic response, with the ultimate capacity of the foundation under combined326
loading being determined by load probes of fixed ratio.327
Under uniaxial loading, the mean of the foundation capacity was found to be very similar to328
that obtained using a deterministic profile of su across all embedment ratios. However, the COV329
varied depending upon the applied load and skirt length. The variability of the clay increased330
with depth but deeper mechanisms did not necessarily lead to a greater COV due to the influence331
of the type of failure mechanism. The probability of failure with respect to a deterministic332
analysis was also analysed and if no factor of safety is considered, Pf is approximately 0.5. If333
the material factor recommended by the ISO [16] is used (FS = 1.25), the probability of failure334
reduces to less than 10−3 which is likely to represent an acceptable reliability.335
The ultimate capacity of skirted foundations under combined loading was investigated by336
constructing probabilistic failure envelopes from the CDFs of each load probe. The probabil-337
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Figure 14: Probabilistic VHM failure envelopes for D/B = 0.5.
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Figure 15: Probabilistic VHM failure envelopes for D/B = 1.
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ity distribution of bearing capacity is not constant around the envelope, especially in the HM338
plane where the transition between failure mechanisms is particularly complex. The capacity339
of a skirted foundation under combined loading therefore cannot be adequately characterised in340
probabilistic terms from the uniaxial capacities alone. If the same factor of safety is applied as341
for the uniaxial load cases, the probability of failure is increased when the vertical load com-342
ponent is sufficient to affect bearing capacity and, in the HM plane, at peak moment capacity.343
This suggests that care should be taken in a failure envelope design approach if design loads344
approach these areas of the envelope.345
The probabilistic failure envelopes presented here are limited to the specific case considered.346
However, the methodology demonstrates a straightforward and effective way of quantifying and347
understanding uncertainty in the ultimate limit state design of offshore geotechnical structures.348
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